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Observations of the Moon provide a primary technique for the on-orbit cross calibration of Earth remote
sensing instruments. Monthly lunar observations are major components of the on-orbit calibration stra-
tegies of SeaWiFS andMODIS. SeaWiFS has collected more than 132 low phase angle and 59 high phase
angle lunar observations over 12 years, Terra MODIS has collected more than 82 scheduled and 297 un-
scheduled lunar observations over nine years, andAquaMODIShas collectedmore than 61 scheduled and
171 unscheduled lunar observations over seven years. The NASA Ocean Biology Processing Group
Calibration and Validation Team and the NASA MODIS Characterization Support Team use the USGS
RObotic Lunar Observatory (ROLO) photometric model of theMoon to compare these time series of lunar
observations over time and varying observing geometries. The cross-calibration results show that Terra
MODIS and Aqua MODIS agree, band to band, at the 1%–3% level, while SeaWiFS and either MODIS
instrument agree at the 3%–8% level. The combined uncertainties of these comparisons are 1.3% for Terra
and Aqua MODIS, 1.4% for SeaWiFS and Terra MODIS, and 1.3% for SeaWiFS and Aqua MODIS. Any
residual phase dependence in the ROLO model, based on these observations, is less than 1.7% over the
phase angle range of −80° to −6° andþ5° to þ82°. The lunar cross calibration of SeaWiFS, Terra MODIS,
andAquaMODIS is consistentwith the vicarious calibration of ocean color products for these instruments,
with the vicarious gains mitigating the calibration biases for the ocean color bands. © 2011 Optical
Society of America
OCIS codes: 280.0280, 010.1690, 120.0280, 120.5630, 280.4991.

1. Introduction

Observations of the Moon provide a unique way of
cross calibrating two or more remote sensing satel-
lite instruments on orbit. This paper presents the
results of the cross calibration of SeaWiFS, Terra
MODIS, and Aqua MODIS. The latest on-orbit cali-
brations derived for these instruments are applied to
the lunar data to correct for radiometric drifts, thus
allowing comparisons to be made with stable top-of-

the-atmosphere (TOA) radiances. A comparison of lu-
nar data analysis methodologies developed by the
NASA Ocean Biology Processing Group Calibration
and Validation Team (OBPG CVT) and the NASA
MODIS Characterization Support Team (MCST) to
provide these on-orbit calibrations for SeaWiFS and
MODIS has been reported previously [1,2] and is
summarized below. The cross calibration presented
here uses all eight SeaWiFS bands and the MODIS
reflective solar bands with wavelengths shorter than
900nm that do not saturate on the Moon (bands 1–4
and 8–12). The SeaWiFS and MODIS bands being
compared are shown in Table 1. MODIS bands 13–
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16 are discussed as part of the vicarious calibration
validation later in this paper, so they are shown here
despite their saturation on the Moon. The cross-
calibration results presented here will compare the
instrument calibrations first as a function of wave-
length and then as a function of phase angle.

The cross calibration uses lunar data collected by
all three instruments over their missions through
April of 2009. A summary of the lunar observations
is shown in Table 2. SeaWiFS has made 132 monthly
lunar observations at a nominal phase angle of 7°,
distributed before and after the full phase; these ob-
servations are the primary on-orbit monitor of the
radiometric response of SeaWiFS. It has also made
an observation at a phase angle of −27° during the
Earth Observing System (EOS) Lunar Cross Calibra-
tion Experiment [3] on 14 April 2003. To extend the
phase angle range of the lunar observations, Sea-
WiFS has made 59 lunar observations distributed
over nominal phase angles of −45° to −28°; and þ28°
to þ55°. Terra MODIS has made 82 scheduled
monthly lunar observations by rolling the spacecraft
to a nominal phase angle ofþ55°, while AquaMODIS
has made 61 scheduled monthly observations by roll-
ing the spacecraft to view the Moon at a nominal
phase angle of −55°; these observations are the pri-
mary on-orbit monitors of the radiometric response
for the two MODIS instruments at the angle of inci-
dence (AOI) of the space view port on the scan mirror.

There are also about 30 unscheduled lunar observa-
tions every year for both MODIS instruments, where
theMoon is fully visible in the space view port for one
or more orbits before or after the scheduled lunar
observations. These unscheduled observations oc-
curred over a range of phase angles because the
spacecraft was not rolled to control the phase angle
of the observations. Terra MODIS has obtained 297
observations over phase angles of þ55° to þ82°,
while Aqua MODIS has obtained 171 observations
at phase angles of −54° to −80°. In addition, Terra
MODIS made an observation at a phase of −27° dur-
ing the 14 April 2003 Lunar Cross Calibration Ex-
periment. The end date for the cross calibration of
April 2009 had been chosen because of operational
issues with SeaWiFS spacecraft since that time and
the subsequent low number of additional SeaWiFS
lunar calibrations. Because of the large number of lu-
nar observations involved in the comparisons, the lu-
nar observations that have been obtained since April
2009 by the three instruments would not affect the
outcome of the cross calibration.

The United States Geological Survey (USGS) RO-
botic Lunar Observatory (ROLO) photometric model
of the Moon [4–6] is used to correct each instrument’s
lunar measurements for variations in the geometry
of the observations, namely, the changing Earth–
Sun and Earth–Moon distances and the phase and
libration angles of the observations. The ROLO

Table 1. SeaWiFS and MODIS Band Comparisons

SeaWiFS λ ðnmÞ Bandwidth MODIS λ ðnmÞ Bandwidth

Band 1 412 402–422 Band 8 412 405–420
Band 2 443 433–453 Band 9 443 438–448

Band 3 469 459–479
Band 3 490 480–500 Band 10 488 483–493
Band 4 510 500–520 Band 11 531 526–536
Band 5 555 545–565 Band 12 551 546–556

Band 4 555 545–565
Band 6 670 660–680 Band 1 645 620–670

Band 13a 667 662–672
Band 14a 678 673–683

Band 7 765 745–785 Band 15a 748 743–753
Band 8 865 845–885 Band 2 858 841–876

Band 16a 869 862–877
aMODIS ocean color bands that saturate on the Moon.

Table 2. Lunar Observations

Instrument Type Phase Angle Number Time Range

SeaWiFS Low Phase a
−7:0, þ7:0 nominal −6:0 to −8:0, þ5:0 to þ10:0 83, 49 (38 b) Nov. 97–Apr. 09

Cross calibration −27:1 1 14 Apr. 03 22:34:21 UT
High Phase −27:0 to −49:0, þ27:0 to þ66:0 26, 32 Jul. 04–Dec. 07

Terra MODIS Scheduled a þ55:0 nominal þ52:0 to þ62:0 82 (73 c) Mar. 00–Feb. 09
Cross calibration −27:7 1 14 Apr. 03 22:09:35 UT
Unscheduled þ55:0 to þ82:0 297 Jul. 00–Dec. 08

Aqua MODIS Scheduled a
−55:0 nominal −51:0 to −58:0 61 (50 d) Jun. 02–Apr. 09

Unscheduled −54:0 to −80:0 171 Dec. 02–Dec. 08
aData set used as the primary radiometric stability monitor.
bSeaWiFS calibrations between þ6° and þ8°.
cTerra calibrations between þ54° and þ56°.
dAqua calibrations between −54° and −56°
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model also accounts for differences in the spectral
bandpasses of the instruments. The use of residuals
of the lunar observations from the ROLO model al-
lows the instrument cross calibrations to be made
over different time periods and phase angle ranges.

The ultimate goal of this cross calibration is to de-
termine the calibration biases among the three in-
struments on orbit. There are several sources of
uncertainty in the cross comparison that must be ac-
counted for to achieve this goal. One source of uncer-
tainty is the observational scatter in a single lunar
observation; this uncertainty is mitigated by maxi-
mizing the number of observations that can be used
for each comparison made in the cross calibration.
A second source of uncertainty is the instrument-
specific corrections for changes in instrument re-
sponse with scan angle, denoted as the response
versus scan (RVS) angle; these corrections are applied
to the Terra Lunar Cross Calibration Experiment ob-
servations and to all the SeaWiFS observations. A
third source of uncertainty is the differences in phase
angles of the calibrations used in the comparisons; the
primary lunar calibrations have been obtained at
−55° (Aqua MODIS), −7° (SeaWiFS),þ7° (SeaWiFS),
and þ55° (Terra MODIS). The residual phase depen-
dence of theROLOmodel is given as 1%or less [6]; one
of the goals of this study is to investigate the phase
independence of theROLOmodel using on-orbit data.
We will discuss the impact that each of these sources
of uncertaintyhas on thedetermination of the calibra-
tion biases between instruments. We will provide
background information on the SeaWiFS andMODIS
lunar data and the geometric corrections provided by
theROLOmodel, and thenwewill present the results
of the cross-calibration comparisons over the wave-
length and phase angle.

2. Lunar Calibrations

For the cross calibration between SeaWiFS and the
MODIS instruments, each lunar data set has been
calibrated with the latest radiometric calibration for
that instrument to yield stable, TOA radiances for
the comparisons. The lunar calibration time series
for SeaWiFS or either MODIS, is given by [7]

LMoonðr; t; λÞ ¼ LTðr; t; λÞKvgðr; t; λÞKosðr; tÞ; ð1Þ

where r is the position relative to the Earth center, t
is the time of the observation, λ is the instrument
band, LT is the at-sensor radiance of the observation,
Kvg are the corrections for viewing geometry, and Kos
is the oversampling correction.

The ROLO model is used to correct the lunar ob-
servations for viewing geometry (Sun/Moon distance,
spacecraft/Moon distance, phase angle, libration an-
gles); the geometry corrections are discussed further
in the following section. The oversampling correc-
tions are different for SeaWiFS and the two MODIS
instruments because of the different techniques used
to observe the Moon. The SeaWiFS and MODIS lu-

nar calibration observations will be discussed in
turn.

A. SeaWiFS Observations

SeaWiFS observes the Moon on a monthly basis
through its nadir view, which requires a spacecraft
pitch maneuver. During a lunar calibration, the
spacecraft attitude control system is set to open loop,
and the spacecraft is pitched across theMoon, so Sea-
WiFS views the Moon near the nadir through the
same optical path as it views the Earth. The pitch
rate across the Moon (in the along-track direction)
is slower than the scan rate of the instrument, result-
ing in an oversampled image of the Moon. A typical
Band 1 lunar image is shown in Fig. 1. During the
pitch maneuvers, the spacecraft horizon sensors lose
track of the Earth horizon, so the pitch rate of the
spacecraft is not known during the calibrations
and varies from one calibration to the next. Conse-
quently, the OBPG CVT computes the oversampling
correction for a given calibration by dividing the ac-
tual size of the Moon, as seen from the spacecraft, by
the apparent size of the Moon in the lunar image. At
the same time, the observing geometry causes Sea-
WiFS to view the Moon at different scan angles from
one calibration to the next; the variation in instru-
ment response with scan angle is corrected by an
RVS correction.

The size of the Moon in the lunar images is derived
from the radiance profile across the Moon. The size of
the lunar image is dependent on the angle between
the along-track direction of the spacecraft field-of-

Fig. 1. SeaWiFS Band 1 lunar image: the difference between the
spacecraft pitch rate across the Moon and the normal pitch rate
across the Earth causes the elongated lunar image and necessi-
tates oversampling correction of the lunar data.
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view during the pitch maneuver and the rotational
axis of the Moon, or the track angle of the observa-
tion. A spacecraft track that is not along the rota-
tional axis of the Moon could intersect the lunar
terminator rather than the edge of the Moon, yield-
ing an underestimate of the actual size of the Moon
in the lunar image.

A correction for this size underestimation is depen-
dent on both the track angle and on the phase angle
of the lunar image (which determines the location of
the terminator) [7]. The correction of the image size
due to the track angle and the phase angle is

K trackðr; tÞ

¼ cos αðr; tÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ð1þ cos αðr; tÞÞð1 − cos αðr; tÞÞ cos2 γðr; tÞ

p ;

ð2Þ

where α is the phase angle and γ is the track angle.
The size of the Moon, corrected for the track angle,

is

YMoonðr; tÞ ¼
2

K trackðr; tÞ
YobsðtÞ; ð3Þ

where Yobs is the observed size of the Moon in
fractional pixels.

The track-angle corrections for the low phase angle
lunar calibration time series have values of 1.0–
1.0034, with a mean of 1:0013� 0:0011. Because the
track-angle corrections are functions of the phase an-
gle, the high phase angle corrections have values of
1.0001–1.198, with a mean of 1:029� 0:037.

The oversampling correction for the SeaWiFS
lunar images has the form

Kosðr; tÞ ¼
1

θYMoonðr; tÞ
DMoon

RInst-Moonðr; tÞ
; ð4Þ

where RInst-Moon is the instrument—Moon distance,
DMoon is the diameter of the Moon (3476:4km), and
θ is the instantaneous field-of-view of SeaWiFS
(1:5911mrad).

This equation shows that the size of the oversam-
pling correction for SeaWiFS is a strong function of
the lunar phase angle. At high phase angles (and cor-
responding instrument scan angles) the image of the
Moon in the SeaWiFS field of view rotates slightly
with respect to the along-track direction, thus in-
creasing the track angle and making the determina-
tion of the size of the lunar image more difficult; this
image rotation increases the uncertainty in the over-
sampling correction. The oversampling correction
time series for the SeaWiFS low phase angle lunar
observations are shown in Fig. 2. The low phase an-
gle corrections vary over a range of 0.203–0.302 with
a mean value of 0:275� 0:012, while the high phase
angle corrections vary over a range of 0.149–0.278
with a mean value of 0:216� 0:032. The plot and sta-

tistics for the corrections support the conclusion that
the variations in the oversampling correction from
calibration to calibration are the primary source of
the scatter in the SeaWiFS lunar observations, par-
ticularly for high phase angles. This conclusion will
be discussed further as part of the calibration com-
parisons over wavelength. The primary cause of
the variations in the oversampling correction is the
variations in the pitch rate of the spacecraft across
the Moon during the lunar calibration.

B. MODIS Observations

The MODIS reflective solar bands are calibrated pri-
marily by the onboard calibrators, the solar diffuser,

Fig. 2. Oversampling correction time series: a) SeaWiFS, b) Terra
MODIS, and c) Aqua MODIS.
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and the solar diffuser stability monitor, which track
the radiometric response of the instrument at the
AOI of the diffuser on the scan mirror, 50:25°.
MODIS also views the Moon approximately monthly
through its space view port to monitor the instru-
ment response at the AOI of the space view, 11:4°.
The MODIS scheduled lunar observations usually
require a spacecraft roll maneuver to keep the lunar
phase angle within a small range. The difference in
the response at the two AOIs represents the on-orbit
change of the RVS of the MODIS scan mirror. A ty-
pical MODIS lunar calibration is shown at left in
Fig. 3. The spacecraft rolls so that the instrument
views the Moon at a fixed phase angle through the
space view port. Two successive scans across the
Moon, one for each mirror side, are shown in Fig. 4
for the three spatial resolutions of 250, 500, and
1000m (these spatial resolutions are for Earth pixels
at nadir, not lunar pixels). For analyses performed on
a per-band basis, the MCST averages the integrated
lunar radiances over the detectors in each band for
multiple scans of the Moon, precluding the need of
an oversampling correction. The analyses reported in
this paper have taken this band-averaged approach
to the lunar data. For analyses performed on a per-
detector basis, the MCST produces a composite lunar
image for each detector from the image sequence, as
shown at right in Fig. 3. These composite images of
the Moon require an oversampling correction for

subsequent analysis. The oversampling correction
for MODIS is computed from the size of the scan
in the along-track direction across the Moon and
from the size of a pixel on the lunar surface [8].

The size of the scan is computed from the scan
duration and the velocity of the track on the lunar
surface:

DTMoonðρ; r; tÞ ¼ ΔTV trackðρ; r; tÞ; ð5Þ

whereV track is the track velocity on the lunar surface,
ρ is the spacecraft roll angle, and ΔT is the MODIS
scan period (1:477 s).

The track velocity is computed from a projection of
the spacecraft orbital velocity on the lunar surface:

V trackðp; r; tÞ ¼ Vorbðr; tÞ
�
1þ RInst-Moonðr; tÞ

RInst-Earthðr; tÞ

× sinð−ρ − δÞ − Vprojðr; tÞ
�
; ð6Þ

where RInst-Earth is the instrument–Earth distance,
Vorb is the spacecraft orbital velocity, δ is the offset
angle of the space view port (−8:425°), and Vproj is the
projection of the spacecraft velocity on the lunar
surface.

The projection of the spacecraft velocity on the
lunar surface is

Vprojðr; tÞ ¼
~Vorbðr; tÞ · ~VMoonðr; tÞ

V2
orbðr; tÞ

; ð7Þ

where VMoon is the orbital velocity of the Moon.
The size of a pixel on the lunar surface is given by

PMoonðr; tÞ ¼ θRInst-Moonðr; tÞ; ð8Þ

where θ is the instantaneous field-of-view of MODIS
(1:4179mrad).

The oversampling correction for the MODIS
composite lunar images has the form:

Fig. 3. Aqua MODIS Band 8 lunar image: the image on the right
is the composite for detector 5 extracted from the image sequence
on the left.

Fig. 4. MODIS lunar images: Band 2 (250m resolution), Band 3
(500m resolution), and Band 8 (1000m resolution).
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Kosðρ; r; tÞ ¼
DTMoonðρ; r; tÞ
PMoonðr; tÞ

¼ ΔTV trackðρ;r;tÞ
θRInst-Moonðr; tÞ

: ð9Þ

This equation shows that the size of the oversam-
pling correction for MODIS is a strong function of
the spacecraft roll angle. The oversampling correc-
tion time series for both sets of MODIS scheduled lu-
nar calibrations are shown in Fig. 2. The corrections
for Terra MODIS vary over a range of 0.171–0.548
with a mean value of 0:355� 0:094, while the correc-
tions for Aqua MODIS vary over a range of 0.185–
0.553 with a value mean of 0:369� 0:099. The plots
and statistics for the corrections show that the beha-
vior for the two instruments is comparable and the
variations from calibration to calibration are larger
than those observed for SeaWiFS. However, as has
been pointed out earlier in this section, the MODIS
oversampling corrections are only applied in ana-
lyses performed on a detector-by-detector basis. The
lunar cross-calibration results reported in this paper
are based onMODIS band-averaged lunar radiances,
so the variations in the oversampling corrections do
not impact the SeaWiFS/Terra MODIS/AquaMODIS
comparisons reported here.

C. Validation of the Oversampling Corrections

The comparison of the SeaWiFS oversampling cor-
rection Eq. (4) with the MODIS oversampling correc-
tion Eq. (9) shows that the corrections for both
SeaWiFS and MODIS are physically consistent:

Kosðr; tÞ ¼
1

θYMoonðr; tÞ
DMoon

RInst-Moonðr; tÞ

¼ ΔTV trackðρ; r; tÞ
θRInst-Moonðr; tÞ

: ð10Þ

This equation can be reduced to

DMoon

YMoonðr; tÞ
¼ ΔTVtrackðρ; r; tÞ; ð11Þ

which is the size of the scan in the along-track direc-
tion across the Moon, determined from the lunar
images plus observing geometry for SeaWiFS and
from the spacecraft roll angle plus observing geome-
try for MODIS. This comparison validates these two
approaches to computing oversampling corrections
for the lunar observations.

3. Corrections for Viewing Geometry

The lunar irradiance observed by Earth-orbiting re-
mote sensing instruments depends on the viewing
geometry. The USGS has developed the ROLO photo-
metric model of the Moon to provide the geometric
corrections for lunar observations obtained by
these instruments over the wavelength range of 300–
2500nm [4–6]. The model explicitly accounts for the
effects of distances, phase, lunar libration, the oppo-
sition effect, and albedo variations of the lunar sur-
face. The model uses relative spectral responses for

each band of a given instrument to generate disk-
integrated lunar irradiances as seen by those bands,
thus taking into account the bandpass differences be-
tween the instruments. The ROLO model eliminates
the requirement of simultaneous observations of the
Moon for cross-calibration purposes.

The ROLO model requires as input the disk-
integrated lunar irradiance for each band of the in-
strument in question (without any viewing geometry
corrections applied), along with the time of the lunar
observation and the three-dimensional location of
the spacecraft at the time of the observation. The
model predicts the disk-integrated albedo of the
Moon and computes the solar irradiance for the spe-
cified band, then uses the time of the observation and
the position of the spacecraft at that time to compute
the viewing geometry of the observation. Finally, the
model computes the lunar irradiance at the time and
position of the Moon as seen by the instrument. The
radiometric output of the model is the residual be-
tween the instrument measurement and the model
prediction:

Pðr; λ; tÞ ¼ Kdðr; tÞ
AMoonðr; λ; tÞ

EInstðr; λ; tÞ
ESunðλÞ

− 1; ð12Þ

where EInst is the lunar irradiance measured by the
instrument, Kd are the Sun–Moon and instrument–
Moon distance corrections, AMoon is the lunar albedo
predicted by the model, and ESun is the solar
irradiance.

The distance corrections have the functional form
of

Kdðr; tÞ ¼
�
RSun−Moonðr; tÞ

AU

�
2
�
RSun−Moonðr; tÞ

MLD

�
2
; ð13Þ

where RSun−Moon is the Sun–Moon distance, AU
stands for astronomical unit, RInst−Moon is the
instrument–Moon distance, and MLD represents
the mean Earth–Moon distance (384,401 km).

The predicted lunar albedo AMoon is a function of
the phase angle and libration angles of the observa-
tion and the instrument bandpasses. The phase func-
tions of the Moon are a set of empirically derived
polynomials of the phase angle with additional terms
arising from the opposition effect [4]. The phase func-
tions at three wavelengths that span the wavelength
range of the cross-calibration analysis (412, 555, and
856nm) are shown in Fig. 5.

The uncertainty in the absolute calibration of the
ROLOmodel is 5%–10% [5]. The stability of themodel
output and the reliability for prediction of irradiance
variation with geometry far exceed the absolute accu-
racy. The ROLO model allows lunar observations to
provide highly precise information about the relative
change in radiometric performance of satellite
instruments over time andabout the intercomparison
among different satellite instruments [6].
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A. Validation of the ROLO Model over Time

From the launch of the SeaWiFS through mid-2007,
the OBPG CVT developed and applied a set of
empirically derived geometric corrections to the low-
phase SeaWiFS lunar calibration time series [7]
comprised of 114 lunar observations collected over
a 10 year time span between November 1997 and
May 2007. The individual lunar observations were
normalized to a common viewing geometry by apply-
ing corrections for the Sun–Moon and SeaWiFS–
Moon distances, variations in phase angle, and
variations in libration angles. The empirical phase
correction was computed by fitting a quadratic func-
tion of the phase (over the phase angle range of −6:0°
to −8:0° and þ5:0° to þ10:0°) to the lunar reflectance
normalized to a value of unity at a phase angle of 7°.
The empirical libration corrections were computed
by performing multiple regressions of the subspace-
craft longitude and latitude and the subsolar longi-
tude and latitude against the lunar time series.
The OBPG CVT also processed the lunar time series
through the ROLO model. The empirical corrections,
when applied to the low phase lunar observations,
yielded a geometrically corrected lunar time series
that was statistically indistinguishable from the lu-
nar time series with geometric corrections provided
by the ROLO model [7,9]. The Sun–Moon and Sea-
WiFS–Moon distances, phase angles, and libration
angles derived from the empirical corrections and
from the ROLO model were the same. The OBPG
used this comparison between the SeaWiFS empiri-
cal geometric corrections and the ROLO model out-
put to validate the performance of the ROLO model
over time, though over the limited phase angle range
of the SeaWiFS low phase angle lunar observations.
For the fifth global reprocessing of the SeaWiFS
ocean color products, completed in July 2007, the
OBPG CVT adopted the ROLO model as the primary
method for performing geometric corrections for the
SeaWiFS lunar data. One advantage of this change
in methodology is that using the ROLOmodel for the
geometric corrections extends the phase angle range
over which the SeaWiFS lunar data could be
calibrated.

4. Comparison of SeaWiFS, Terra MODIS, and Aqua
MODIS over Wavelength

The cross calibration of SeaWiFS, Terra MODIS, and
Aqua MODIS over wavelength, to determine the on-
orbit calibration biases between the instruments, is
made through a mission-long comparison of the pri-
mary lunar calibration data set for each instrument:
the low phase angle observations for SeaWiFS (−7°,
þ7°), the scheduled observations for Terra MODIS
(þ55°), and the scheduled observations for Aqua
MODIS (−55°). Each instrument has the latest on-
orbit calibration applied to the lunar data, providing
stable TOA irradiances of the Moon for the compari-
son. This cross calibration is performed using the
mission-averaged ROLO residuals for each instru-
ment and band, as shown in Table 3, in Table 4, and
as plotted in Fig. 6. For all three instruments, the re-
siduals of the lunar observations from the ROLO
model do not show any systematic trends with wave-
length. The observed biases between the instruments
arise primarily from differences in the prelaunch ca-
libration of each instrument. The sources of uncer-
tainty in these comparisons are:

1. The observational scatter in the data for each
instrument and band.

2. Any residual RVS error for SeaWiFS, because
the SeaWiFS observations were made over a range of
scan angles. The uncertainty in the SeaWiFS RVS

Table 3. Terra MODIS/Aqua MODIS Biasesa

Band Band Center (nm) Terra/ROLO Aqua/ROLO Bias (%)

8 412 1:075� 0:009 1:075� 0:006 0:7� 1:5
9 443 1:080� 0:006 1:065� 0:004 1:3� 1:2
3 469 1:010� 0:004 1:069� 0:005 2:8� 1:2
10 488 1:099� 0:004 1:082� 0:004 1:6� 1:1
11 531 1:091� 0:004 1:063� 0:003 2:7� 1:1
12 551 1:103� 0:004 1:083� 0:003 1:8� 1:1
4 555 1:088� 0:004 1:058� 0:003 2:8� 1:1
1 645 1:056� 0:004 1:063� 0:003 0:7� 1:1
2 858 1:075� 0:006 1:082� 0:003 0:7� 1:2

aThe errors on the MODIS/ROLO ratios are standard deviations of the means of the observations. The errors on the biases are the
combined scatter for the two instruments and the ROLO phase uncertainty.

Fig. 5. Lunar phase functions: phase functions of the Moon at
wavelengthsof412,555,and865nm,asderivedbytheROLOmodel.
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correction is 0.3% [10]. The MODIS primary lunar
observations were made at a constant AOI on the
primary mirror, so RVS errors for MODIS do not
contribute to the uncertainty in the comparisons.

3. Any residual phase dependence in the ROLO
model, because the three sets of observations were
made at different phase angles. The residual phase
dependence is given as no greater than 1% over
the phase angle range of the model [6].

The root-sum-square combination of these uncer-
tainties is reported as the errors on the biases in
Tables 3 and 4. The largest uncertainties in the biases
involve TerraMODIS Band 8 (412nm), which has the
largest on-orbit calibration uncertainty. Themean va-
lue of the uncertainties for the Terra and Aqua biases
is 1:18� 0:13%; themeanplus 1 standard deviation is
1.3%, which is a robust estimate of the overall uncer-
tainty in the MODIS biases. The mean value of the
uncertainties for the SeaWiFS and Terra biases is
1:26� 0:11%; the mean plus 1 standard deviation is
1.4%, which is a robust estimate of the overall uncer-
tainty in theSeaWiFSandTerra biases. Themeanva-
lue of the uncertainties for the SeaWiFS and Aqua
biases is 1:21� 0:04%; and the mean plus 1 standard
deviation is 1.3%, which is a robust estimate of the
overall uncertainty in the SeaWiFS and Aqua biases.
The cross-calibration results for Terra and Aqua
MODIS are comparable to the lunar calibration-
derived biases reported previously for two MODIS
instruments by MCST [11]. These results are also
comparable to surface reflectance-based vicarious
calibration results for Terra and Aqua MODIS at
Railroad Valley [12].

On 14 April 2003, Terra MODIS and SeaWiFS
made near-simultaneous observations of theMoon as
part of the EOS Lunar Cross Calibration Experiment
[3]. A target lunar phase angle of −28° was chosen by
the EOS Project to facilitate the simultaneous obser-
vations and to remove any phase dependence from
the cross calibration. SeaWiFS performed a standard
lunar calibration at the cross-calibration time, while
the Terra spacecraft performed a deep space maneu-
ver so MODIS viewed the Moon through its nadir
aperture. The actual times and phase angles of the
lunar observations are shown in Table 2, while the

Table 4. SeaWiFS/MODIS Biasesa

SeaWiFS MODIS Band Centers (nm) SeaWiFS/ROLO Terra Bias (%) Aqua Bias (%)

Band 1 Band 8 412, 412 1:025� 0:006 5:6� 1:5 4:9� 1:3
Band 2 Band 9 443, 443 1:024� 0:005 5:4� 1:3 4:0� 1:2
Band 3 Band 10 490, 488 1:037� 0:005 6:0� 1:2 4:3� 1:2
Band 4 Band 11 510, 531 1:029� 0:005 6:0� 1:2 6:0� 1:2
Band 5 Band 12 555, 551 1:022� 0:005 7:8� 1:2 5:9� 1:2
Band 5 Band 4 555, 555 1:022� 0:005 6:4� 1:2 3:5� 1:2
Band 6 Band 1 670, 645 1:025� 0:005 3:0� 1:2 3:8� 1:2
Band 7 765 1:046� 0:005
Band 8 Band 2 865, 858 1:006� 0:006 6:8� 1:3 7:5� 1:2

aThe errors on the SeaWiFS/ROLO ratios are standard deviations of the mean of the observations. The errors on the biases are the
combined scatter for the two instruments, the ROLO phase uncertainty, and the SeaWiFS RVS uncertainty.

Fig. 6. SeaWiFS/MODIS lunar calibration comparison. a) The
three instrument mission-long band averages. b) The SeaWiFS/
Terra MODIS EOS Lunar Calibration Experiment. c) The Sea-
WiFS/Terra MODIS mission-long averages and Lunar Calibration
Experiment.
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instrument comparison is shown in the second plot of
Fig. 6. The third plot of the figure, comparing the
residuals at −27° phase with the residuals at the
primary phase angles, shows a reduced bias between
the two instruments at −27° compared to the bias for
the primary observations. The sources of uncertainty
for the Lunar Cross Calibration Experiment are dif-
ferent from those of the primary SeaWiFS and Terra
MODIS lunar observations. Because the SeaWiFS
and Terra MODIS lunar measurements were made
at essentially the same phase angle for this experi-
ment, any residual phase dependence in the ROLO
model would not affect the comparison. The sources
of uncertainty in these comparisons are:

1. The experiment yielded a single lunar observa-
tion for each instrument. The uncertainty due to ob-
servational scatter for this observation for each
instrument and band is assumed to be the same as
for the mission-long comparisons.

2. The uncertainty in the SeaWiFS RVS correc-
tion of 0.3% [10].

3. The difference in the AOI of the Terra MODIS
observation. For this experiment, Terra MODIS ob-
served the Moon through the nadir aperture rather
than through the space view port. This difference in
the AOI of the lunar observations should be ac-
counted for by the RVS correction of the data. The
uncertainty in the Terra RVS correction is 0.5%
[13,14].

The root-sum-square combination of these uncer-
tainties are reported as the errors on the biases in
Table 5. The SeaWiFS/Terra MODIS bias uncertain-
ties range from 0.9% to 1.2%, with the largest uncer-
tainty again involving Terra MODIS Band 8. The
mean value of the uncertainties for the SeaWiFS
and Terra biases is 0:96� 0:11%; the mean plus 1
standard deviation is 1.1%, which is a robust esti-
mate of the overall uncertainty in the SeaWiFS and
Terra biases. The decrease in the calibration biases
between SeaWiFS and Terra MODIS at −27° and the
calibration biases for the observations at 7° and 55°
are greater than the uncertainties in the respective
sets of observations. This decrease in the biases be-

tween SeaWiFS and Terra MODIS for the −27° ob-
servations raises the question of whether these
observations show any residual phase dependence
in the ROLO model. To investigate the phase inde-
pendence of the model, the OBPG CVT and MCST
have examined the full set of lunar observations
for all three instruments over the phase angle range
of the data, −80° to −6° and þ5° þ82° (see Table 2).

A. Validation by Vicarious Calibration Comparison

The vicarious calibration of ocean color products
from Earth remote sensing instruments adjusts the
on-orbit calibration of the instruments to match the
system-level calibration of the in situ radiometer and
atmospheric correction algorithm [15]. Accordingly,
comparison of the derived vicarious gains provides
a cross-calibration opportunity for the satellite in-
struments. The OBPG CVToptimizes the ocean color
products for SeaWiFS andMODIS through the vicar-
ious calibration of the ocean color bands:

1. The calibration of the 865nm band (SeaWiFS
Band 8—MODIS Band 16) is assumed to be correct.

2. The 765nm band (SeaWiFS Band 7—MODIS
Band 15) is calibrated relative to the 865nm band to
retrieve the expected aerosols over open ocean
scenes.

3. The TOA radiances computed for the visible
bands are calibrated against in-water measurements
from the Marine Optical Buoy (MOBY), propagated
to the TOA using the retrieved atmospheric correc-
tion parameters.

The vicarious calibration process provides a means
of comparing the on-orbit calibration of SeaWiFS and
both MODIS instruments using the MOBY spectro-
radiometer in conjunction with the atmospheric cor-
rection algorithm as a transfer radiometer [9].

The vicarious gains derived for the ocean color
bands of all three instruments for the 2009 reproces-
sing of the global ocean color data sets are shown in
Table 6 and are plotted in Fig. 7. The inverses of the
vicarious gains are plotted so that the SeaWiFS or
MODIS measurement is in the numerator of the
ratios, allowing comparisons with the lunar observa-

Table 5. SeaWiFS/Terra MODIS Cross Calibration Biasesa

SeaWiFS MODIS Band Centers (nm) SeaWiFS/ROLO Terra/ROLO Bias (%)

Band 1 Band 8 412, 412 1:042� 0:006 1:056� 0:009 1:5� 1:2
Band 2 Band 9 443, 443 1:040� 0:005 1:061� 0:006 2:0� 1:0

Band 3 469 1:069� 0:004
Band 3 Band 10 490, 488 1:052� 0:005 1:094� 0:004 4:0� 0:9
Band 4 Band 11 510, 531 1:045� 0:005 1:067� 0:004 2:1� 0:9
Band 5 Band 12 555, 551 1:038� 0:005 1:076� 0:004 3:6� 0:9
Band 5 Band 4 555, 555 1:038� 0:005 1:054� 0:004 1:5� 0:9
Band 6 Band 1 670, 645 1:042� 0:005 1:038� 0:004 0:4� 0:9
Band 7 765 1:059� 0:005
Band 8 Band 2 865, 858 1:018� 0:006 1:069� 0:006 5:0� 1:0

aThe observational scatter assumed for these single observations is the scatter from the mission averages for the corresponding instru-
ment/band. The errors on the biases are the combined scatter for the two instruments, the SeaWiFS RVS uncertainty, and the Terra RVS
uncertainty.
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tions. Comparison of the vicarious gains in Fig. 7
with the lunar residuals in Fig. 6 shows that the var-
iations in the vicarious gains as a function of wave-
length are comparable to the variations in the lunar
residuals for all three instruments. The reduction of
the biases in the vicarious gains, compared to the lu-
nar calibration biases, results primarily from the
way the vicarious calibration process handles the
865nm atmospheric correction bands. The vicarious
calibration process implicitly assumes that all three
instruments retrieve the same aerosol radiances
with these bands when observing the same open
ocean scenes. This process reduces the calibration
biases for the 865nm bands, which has the effect
of reducing the biases for all the ocean color bands.
As shown in Table 6, the uncertainties in the vicar-
ious calibration biases between SeaWiFS and either
MODIS instrument are 1.2% and the uncertainties
in the vicarious calibration biases between Terra
MODIS and Aqua MODIS are 1.3%. These uncer-
tainties on the biases are comparable to those de-
rived for the lunar calibration biases (1.3% for the
Terra MODIS/Aqua MODIS biases, 1.4% for the Ter-
ra MODIS/SeaWiFS biases, and 1.3% for the Aqua
MODIS/SeaWiFS biases). Accordingly, the vicarious
calibration of the SeaWiFS, Terra MODIS, and Aqua
MODIS is consistent with the cross calibration of
these three instruments using the lunar observa-
tions, with the vicarious gains mitigating the calibra-
tion biases of the ocean color bands.

B. Summary of the Cross Calibration over Wavelength

The lunar cross-calibration results show that Terra
MODIS and Aqua MODIS agree, band to band, at
the 1%–3% level, while SeaWiFS and either MODIS
instrument agree at the 3%–8% level. The combined
uncertainties for these comparisons are 1.3% for Ter-
ra and Aqua MODIS, 1.4% for SeaWiFS and Terra
MODIS, and 1.3% for SeaWiFS and Aqua MODIS.
These cross-calibration results are consistent with
the vicarious calibration of ocean color products for
these instruments, with the vicarious gains mitigat-
ing the calibration biases for the ocean color bands.

5. Comparison of SeaWiFS, Terra MODIS, and Aqua
MODIS over the Phase Angle

The OBPG CVT and MCST have undertaken a com-
parison of the full set of SeaWiFS and MODIS lunar
observations over their respective missions as a func-
tion of the phase angle. The primary goal of this ana-
lysis is to determine if the SeaWiFS low-phase (�7°)
observations can be compared directly with the
MODIS scheduled observations (�55° phase). While
the comparisons were made for all the bands shown
in Table 1, we present the results of the comparison
for the 412nm bands (SeaWiFS Band 1 and MODIS
Band 8). The behavior of these bands is representa-
tive of the phase angle response of the other bands.

For this comparison, Fig. 8 shows the full set of lu-
nar observations (from Table 2) for each instrument.
The SeaWiFS high-phase observations are clustered
at the phase angles selected to investigate residual
phase effects in the ROLO model and selected to
replicate the −27° phase observation of the Lunar
Cross Calibration Experiment. Examination of these
plots shows the inherent scatter in a single lunar
measurement. For SeaWiFS, the scatter in the obser-
vations most likely arises from the uncertainties in

Table 6. SeaWiFS/MODIS Vicarious Gainsa

SeaWiFS MODIS SeaWiFS Gain Terra Gain Aqua Gain S/T Bias (%) S/A Bias (%) T/A Bias (%)

Band 1 Band 8 1.0041 0.9990 0.9768 0:5� 1:2 2:8� 1:2 2:3� 1:3
Band 2 Band 9 0.9952 0.9961 0.9936 0:09� 1:2 0:2� 1:2 0:3� 1:3

Band 3 1.0012 1.0113
Band 3 Band 10 0.9873 0.9987 0.9972 1:1� 1:2 1:0� 1:2 0:2� 1:3
Band 4 Band 11 0.9903 0.9947 0.9946 0:4� 1:2 0:4� 1:2 0:01� 1:3
Band 5 Band 12 1.0022 0.9941 0.9950 0:8� 1:2 0:7� 1:2 0:09� 1:3
Band 5 Band 4 1.0022 0.9945 0.9999 0:8� 1:2 0:2� 1:2 0:5� 1:3
Band 6 Band 1 0.9777 1.0282 1.0252 4:9� 1:2 4:6� 1:2 0:3� 1:3
Band 6 Band 13 0.9777 0.9926 0.9961 1:5� 1:2 1:8� 1:2 0:4� 1:3
Band 6 Band 14 0.9777 0.9979 0.9974 2:0� 1:2 1:9� 1:2 0:05� 1:3
Band 7 Band 15 0.9700 0.9974 0.9977 2:7� 1:2 2:8� 1:2 0:03� 1:3
Band 8 Band 2 1.0000 1.0161 1.0244 1:6� 1:2 2:4� 1:2 0:8� 1:3
Band 8 Band 16 1.0000 1.0000 1.0000

aThe uncertainties on the vicarious gains are 0.008 for SeaWiFS and 0.009 for eitherMODIS instrument. The uncertainties on the biases
are the combined errors for the two instruments—SeaWiFS and either MODIS.

Fig. 7. SeaWiFS/MODIS vicarious calibration comparison: the
inverses of the vicarious gains are plotted so that the SeaWiFS
orMODISmeasurement is in the numerator of the ratios, allowing
comparisons with the lunar observations.
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the oversampling correction. For bothMODIS instru-
ments, the unscheduled observations are obtained at
higher phase angles than the scheduled observa-
tions, with a corresponding increase in the scatter in
the data. A likely cause of this increased scatter is
that, at phase angles greater than 55°, the lunar
phase function becomes so small that the low illumi-
nation levels start to increase the uncertainty of the
observations. It should be noted that the amount of
scatter in the lunar observations for each of the
bands for all three instruments is comparable.

To facilitate the comparison of these data sets as a
function of phase angle and tominimize the impact of
the scatter in a single observation, we have binned
the residuals at a set of selected phase angles over
the full range of the data. For SeaWiFS and the mean
residuals are computed for the low-phase observa-
tions on either side of full phase and for clusters of
high phase observations. For the two MODIS instru-
ments, the mean residuals are computed for 10° bins.
The phase angle of each bin is the mean of the phase
angle of the observations that went into that bin.
Figure 8 and Table 7 show the mean residuals and
standard deviations plotted versus phase angle for
each wavelength. The Lunar Cross Calibration Ex-
periment residuals for SeaWiFS and Terra MODIS
are plotted at −27° phase without any error bars.

For SeaWiFS, the mean residuals show a trend with
phase before full phase, but the standard deviations
increase as well. For both MODIS instruments, the
residuals for the unscheduled lunar observations
are slightly larger than those for the scheduled mea-
surements, with larger standard deviations as well.

In comparing the two plots in Fig. 8, we see that,
for SeaWiFS, the Lunar Cross Calibration Experi-
ment data points fall near the upper end of the range
for the −28° bin; this agreement is expected because
these binned observations attempted to replicate the
cross-calibration measurement. For Terra MODIS,
the cross-calibration data points fall within the range
of the remaining lunar observations. For all three
instruments, these results are similar for the other
wavelengths.

The goal of this analysis over the phase angle is to
set an observational upper limit on any residual
phase dependence in the ROLO model based on the
lunar data comparisons. This upper limit arises from
the uncertainties in the input data sets: the scatter in
the observations for a particular phase angle bin,
the bias for the bin, and the uncertainties in the
SeaWiFS RVS correction. The bias for a given bin
is the difference between the mean value for that
bin and mean value from the comparison with wave-
length (see Tables 3 and 4. The uncertainties for each
instrument are presented in Table 7. The uncer-
tainty in the SeaWiFS RVS correction is 0.3% [10].

The SeaWiFS, Terra MODIS, and Aqua MODIS
sample three separate ranges of thephaseangle space
of theROLOmodel, so the observational constraint on
any residual phase angle dependence in the model
will be examined on a per-instrument basis. For Aqua
MODIS, the limit on the phase dependence of the
model over the phase angle range of −80° to −51° is
the 1.1% uncertainty from the −74° bin. For Terra
MODIS, the limit on the phase dependence of the
model over the phase angle range of þ52° to þ82°
is the 1.5%uncertainty from theþ74° bin. In addition,
the challenges of calibrating Terra MODIS have re-
sulted in the larger uncertainties occurring after
the full phase. ForSeaWiFS, theuncertainties are lar-
ger for the high phase angle observations, with the
measurements before the full phase having the lar-
gest uncertainty. Because the SeaWiFS and Terra
MODIS uncertainties at þ56° are comparable (0.9%
and 1.0%), the SeaWiFS 1.7% uncertainty at −45°
probably arises from the oversampling correction of
these high phase observations. The mean value of
the uncertainties for the eight SeaWiFS phase angle
bins is 1:00� 0:43%; the mean plus 1 standard devia-
tion is 1.5%. Consequently, the uncertainty of 1.7% at
−45° is a robust estimate of the limit on the phase de-
pendence of the model over the phase angle range of
−45° to −6° andþ5° toþ56°. The constraints from the
MODIS instruments are smaller than this value.
Consequently, over the phase angle range of the data,
−80° to −6° and þ5° to þ82°, the SeaWiFS, Terra
MODIS, and Aqua MODIS lunar cross calibration
shows that any residual phase dependence in the

Fig. 8. SeaWiFS/MODIS mean comparison as a function of phase
angle: a) full lunar data sets are plotted for the 412nm bands and
b) full data sets are binned and plotted as means with standard
deviations for the 412nm bands.
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ROLOmodel output is 1.7% or less. The difference be-
tween this observational constraint on the residual
phase dependence of the ROLOmodel and the uncer-
tainty in themodel (1%[6]) is not unexpected, because
the ROLO model was derived from a larger ground-
based data set [4]. The lunar phase functions at
412, 555, and 865nm vary by factors of 8.8, 8.0, and
7.1 over the phase angle range of 5° to 82°, as shown
in Fig. 5, so a 1.7% limit on the phase dependence re-
presents a significant validationof thephase indepen-
dence of the ROLO model using on-orbit data.

6. Discussion and Implications of the Cross-
Calibration Results

Observations of the Moon, facilitated by the ROLO
model, provide robust estimates of the relative biases
in the on-orbit calibration of remote sensing instru-
ments at the TOA, where complications of atmo-
spheric correction algorithms can be avoided. A
limitation in using this approach to cross calibration
are instrument bands that saturate on theMoon. The
cross-calibration results show that TerraMODIS and
AquaMODISagree, band toband, at the1%–3% level,
while SeaWiFS and either MODIS instrument agree
at the 3%–8% level. The combined uncertainties in
the cross-calibration comparisons are 1.3% between
Terra MODIS and Aqua MODIS, 1.4% between Sea-
WiFS and TerraMODIS, and 1.3% between SeaWiFS
andAquaMODIS. The lunar cross-calibration results
are consistent with the gains derived from the vicar-
ious calibration of ocean color products for these in-
struments, with the vicarious gains mitigating the
calibration biases for the ocean color bands. The com-
parison of the lunar cross-calibration results with the
vicarious calibration results, and the uncertainty
analysis presented here, lead us to conclude that
the most likely sources of calibration biases among
these three instruments are differences in the
prelaunch calibrations of the instruments, which

have 5% uncertainties on the absolute radiance
calibration [10,11]

Because the SeaWiFS, Terra MODIS, and Aqua
MODIS lunar calibrations cover a broad phase angle
range, a primary uncertainty in the cross-calibration
comparison would be any residual phase dependence
in the USGS ROLO photometric model of the Moon.
The residual phase dependence in the ROLO model
is given as less than 1% [6], while the observational
constraint from this cross-calibration comparison is
that the residual phase dependence is less than 1.7%
over a phase angle range of −80° to −6° and þ5°
to þ82°. The OBPG CVT set the phase angle of the
primary SeaWiFS lunar observations at 7° to maxi-
mize the illuminated surface of the Moon while
avoiding the opposition effect at small phase angles
[16]. At large phase angles, the low amount of light
reflected by the Moon becomes a consideration in the
uncertainty of the lunar observations. Consequently,
MCST determined that a phase angle of 55° balanced
the mission requirement of minimizing the rolls of
the spacecraft to observe the Moon to less than 20°
with the requirement of observing theMoon with suf-
ficient illumination to minimize the uncertainty in
the observations [17]. For SeaWiFS and MODIS, the
robustness of the ROLO model allows lunar observa-
tions to provide highly precise information about the
relative change in radiometric performance of the in-
struments over time. By minimizing the phase angle
range of the primary lunar observations, the OBPG
CVT has achieved a long-term stability for SeaWiFS
TOA radiances of 0.1% over its mission lifetime [1,7].

The results of this cross-calibration study have im-
plications for upcoming remote sensing instruments,
such as VIIRS on the NPOESS Preparatory Project
(NPP) satellite. The primary application to VIIRS
concerns the requirement for lunar calibration roll
maneuvers for the NPP spacecraft. MODIS views
theMoon duringmost of the year without roll maneu-
vers, though over a range of phase angles; the same

Table 7. Phase Angle Comparisons for the 412 nm Bandsa

Phase Instrument Number of Observations Instrument/ROLO (%) Bias (%) Combined Error (%)

−74° A 60 1:080� 0:010 0.5 1.1
−65° A 85 1:076� 0:008 0.1 0.8
−56° A 87 1:076� 0:006 0.08 0.6
−45° S 7 1:038� 0:011 1.3 1.7
−40° S 11 1:035� 0:012 1.0 1.6
−28° S 9 1:032� 0:007 0.8 1.1
−7° S 83 1:025� 0:006 0.06 0.7
þ7° S 49 1:023� 0:005 0.1 0.6
þ28° S 6 1:024� 0:006 0.08 0.7
þ45° S 11 1:025� 0:006 0.04 0.7
þ56° S 15 1:025� 0:008 0.02 0.9
þ56° T 118 1:083� 0:010 0.1 1.0
þ65° T 123 1:085� 0:013 0.3 1.3
þ74° T 138 1:090� 0:013 0.8 1.5

aThe cross-calibration results are presented for SeaWiFS Band 1 and for MODIS Band 8. The errors on the instrument/ROLO ratios are
standard deviations of the mean of the observations. The number of observations is for the phase angle bin. The biases are the differences
between the means and the mission-long average from Tables 3 and 4. The combined errors are the scatter, bias, and RVS uncertainty for
SeaWiFS.
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circumstances exist for VIIRS. This study shows that
the ROLO lunar model can be used to calibrate lunar
observations over the expected phase angle range to
within a 1.7% uncertainty. Because a radiometric sta-
bility better than 0.5% is required to produce climate-
quality ocean color data, minimizing the phase angle
range of the lunar observation minimizes the uncer-
tainty in the calibration due to residual phase errors
in the ROLO model output. One of the issues for
VIIRS is that the space view is narrower for VIIRS
(∼0:85°) than for MODIS (∼4:1°). This means that,
without roll maneuvers, only part of the Moon will be
viewed by VIIRS for most months [18]. Small rolls of
the spacecraft of a few degrees are required for VIIRS
to view the complete lunar disk at every available op-
portunity, and larger rolls of up to 15° are required to
view the Moon at a constant phase angle of 55°. Hav-
ing VIIRS observe the Moon at a phase angle of 55°
would facilitate the cross calibration of VIIRS with
MODIS.

The results of this study also have implications for
instruments currently being designed for the NASA
Decadal Survey missions:

1. The cross calibration of SeaWiFS, Terra
MODIS, and Aqua MODIS demonstrates the impor-
tance of the USGS ROLO photometric model of the
Moon to the on-orbit calibration of remote sensing sa-
tellite instruments. The ROLO model allows a deter-
minationof theon-orbit performanceof an instrument
to be made with a minimal number of lunar observa-
tions. Consequently, the model should be maintained
and updated to support future instruments.

2. Future instruments that use lunar observa-
tions as part of their on-orbit calibration strategy
should be designed with reflective solar bands that
do not saturate on the Moon. Saturation on the Moon
has hampered the on-orbit calibration of MODIS
bands 13–16. One way to avoid saturation for high-
sensitivity bands is to use multiple gains for these
bands, as have beenused bySeaWiFSandVIIRS; this
approach requires monitoring of possible gain drifts,
as have been observed for SeaWiFS [19,20]. Another
approach would be to design the dynamic range of
these bands to cover the required radiance range;
such an approach would likely require the use of
14 bit analog-to-digital converters in order to main-
tain the required radiometric sensitivity over the
oceans, with the corresponding increase in data vo-
lume. The trade-offs for any approach would have
to be evaluated.

3. Future spacecraft should be designed with at-
titude control systems that maintain knowledge of
pitch and roll rates throughout lunar calibration
maneuvers. Such knowledge would facilitate the
computation of any needed oversampling corrections.

4. The operations concepts for upcoming instru-
ments should be designed to maximize the number
of lunar observations over the mission time frame,
while minimizing the phase angle range of the obser-
vations. Lunar observations obtained on a monthly

basis allow the instrument performance to be closely
monitored. Minimizing the phase angle range of the
observations removes one source of uncertainty in
the on-orbit calibration data set.

The implementation of these design considerations
would allow the optimum calibration of future in-
struments to be derived on orbit, which would pro-
vide the long-term radiometric stability for TOA
radiances required for climate research.

The authors thank Tom Stone of the USGS for dis-
cussions about applying the ROLO model to the Sea-
WiFS and MODIS lunar data sets. Sean Bailey of the
NASA Ocean Biology Processing Group provided the
vicarious gains given inTable 6. The reviewers helped
the authors to improve the focus of the paper. Preli-
minary versions of Tables 1–5 andFigs. 6 and 8 of this
paper were originally published in Ref. [2].
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